INTRODUCTION
Current interest in Bacillus anthracis, the etiological agent of the disease anthrax, stems from its potential use as a bioterrorism or biowarfare agent. The use of B. anthracis spores in the mailrelated bioterrorism events of 2001 emphasized the need for rapid, high-resolution molecular typing methods for this pathogen. Until recently, however, development of these methods has been hampered by the highly monomorphic nature of the B. anthracis genome (1) .
Variable number tandem repeats (VNTRs) and single nucleotide polymorphisms (SNPs) represent sources of variation in the genome and are recognized as powerful tools for examining genetic relationships within B. anthracis (2) (3) (4) (5) (6) (7) . VNTRs have been used successfully to discriminate among closely related strains of B. anthracis and have facilitated detailed epidemiological analyses of local patterns of anthrax diversity (8, 9) . SNPs, discovered by sequencing the entire protective antigen gene (pagA) from diverse B. anthracis isolates (3), have also been used to determine phylogenetic relationships within this pathogen. Appropriately, multiple locus VNTR analysis (MLVA) and pagA SNP typing played an important role in differentiating and identifying B. anthracis strains following the 2001 bioterrorism events (10) . Unfortunately, current methods for generating data for SNP and VNTR markers require two different reagent systems, electrophoresis-based detection, and, in the case of SNPs, extensive post-PCR processing that is not only cumbersome but also introduces a potential source of laboratory contamination. Furthermore, performing separate assays to collect data on SNP and VNTR loci can contribute to difficulties in sample and data tracking that can ultimately impact data quality. Rapid genotyping of B. anthracis would, therefore, be facilitated by a methodology that minimizes post-PCR processing and evaluates SNP and VNTR loci on a single platform.
Mass spectrometry is rapidly emerging as a sensitive and accurate method for characterizing PCR products. While PCR products have been analyzed on several different mass spectrometry platforms including quadrupole (11) (12) (13) (14) , time-of-flight (TOF; Reference 15), and quadrupole ion traps (16, 17) , no other platform can simultaneously provide the resolution and mass accuracy obtainable on the Fourier transform ion cyclotron resonance (FTICR) platform. Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR-MS) has been used to detect double-stranded PCR products at the attomolar level (18) , genotype simple and compound short tandem repeat sequences (18) (19) (20) , characterize PCR products generated from amplification of 16S to 23S rDNA intergenic spacer regions (ISRs) from 
MATERIALS AND METHODS

DNA Isolation
DNA was obtained from 24 diverse B. anthracis isolates using a previously described heat lysis method (6) . Briefly, a 1.0-μL inoculating loop was used to transfer a portion of a B. anthracis colony into 200 μL of TE [Tris-HCl, pH 8.0, 1.0 mM ethylenediamine tetraacetate (EDTA)]. The colony material was dispersed by vortex mixing and was incubated at 95°C for 20 min. Following heat lysis, cellular debris was removed by centrifugal filtration using an Ultra-Free ® -MC GV .22 μm centrifugal filter unit (Millipore, Billerica, MA, USA) at 5000× g for 5 min. The filtrate was diluted 1:10 and was used as a template to support subsequent PCR for VNTR and SNP analyses.
ESI-FTICR-MS PCR Product Design
PCR product characterization via ESI-FTICR-MS is most effective for products with fragment sizes less than 200 bp because of the increased difficulty in generating single-stranded species in the gas phase for larger products and the inherent difficulty in obtaining isotopic resolution for higher molecular weight species. Thus, to simplify analysis of VNTR and SNP products in the same mass spectrometry run, SNP PCR products were designed at less than 100 bp (Table 1) . Similarly, only VNTR products between 100-200 bp were examined in this study (Table 2) .
pagA SNP PCR
The PCR conditions for the pagA SNP PCR products (Table 1) were as follows: initial denaturation at 95°C for 5 min, followed by 34 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s. Each 20-μL reaction contained 1 μL of template DNA, 1× PCR buffer, 3.0 mM MgCl 2 , 0.1 mM dNTPs, 0.05 U Platinum ® Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), and 0.2 μM of both the forward and reverse primers. Following a 2-fold dilution of products in molecular-grade water, 20 μL were removed for ESI-FTICR-MS analysis, and the remaining 20 μL were used for downstream single-base extension analysis.
Single-Base Extension and Genotype Analyses
Single-base extension analysis was performed according to the ABI Prism ® SNaPshot™ protocol (Applied Biosystems, Foster City, CA, USA). Briefly, the single nucleotide primer extension RESEARCH REPORT method involves the use of an unlabeled oligonucleotide primer that is designed to anneal directly adjacent to the nucleotide base of interest. An extension reaction is then performed in the presence of four possible dye-labeled terminators, resulting in the incorporation of a single fluorophore-labeled ddNTP. We detected the labeled primer extension products by electrophoresis on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems), and genotypes were manually assigned via differential base incorporation at the mutation site.
VNTR PCR
VNTR loci yielding products shorter than 200 bp in size (Table 2) were amplified using PCR. Each 20-μL reaction contained 1.0 μL of template DNA, 1× PCR buffer, 2.0 mM MgCl 2 , 0.2 mM dNTPs, 0.04 U Platinum Taq DNA polymerase, and 0.2 μM of both the forward and reverse primers. The PCR thermal cycling parameters for VNTR loci pXO1, pXO2, vrrB 2 , and CG3 were identical. Reactions were incubated for 5 min at 94°C, followed by 34 cycles of 94°C for 20 s, 60°C for 20 s, and 65°C for 20 s. The final step was 65°C for 5 min. PCR thermal cycling parameters for BaVNTR12 and BaVNTR35 involved an incubation for 5 min at 94°C; 35 cycles of 94°C for 30 s, 53.9°C for 30 s, and 72°C for 45 s; with a final step of 72°C for 5 min.
VNTR Electrophoresis and Genotype Analysis
The VNTR PCR products obtained from each B. anthracis isolate were pooled equally and diluted 1:6 in molecular-grade water. Products were electrophoretically analyzed using an ABI Prism 377 Automated Fluorescent DNA Sequencer. GeneScan ® software (Applied Biosystems) was used to analyze the gel images and assign sizes to the alleles. Custom macros (available upon request from the corresponding author, Paul Keim) created in Genotyper ® software (Applied Biosystems), which use fixed bin size assignments, allowed for the automated scoring of alleles.
Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
Prior to mass spectrometric analysis, PCR products were purified and desalted using a 96-well automated purification protocol as previously described (25) . Briefly, products from single 20-μL aliquots of crude PCRs were bound to weak anion exchange ZipTips ® (Millipore, Bedford, MA, USA) and rinsed (26) . During analysis, PCR products were introduced into the mass spectrometer at a flow rate of 1.25 μL/min. A source potential of -6 kV was applied to produce a stable ion current. Countercurrent drying gas was heated at 130°C to assist desolvation. Ions were accumulated in an external ion reservoir comprising an rf-only hexapole, a skimmer cone, and an auxiliary electrode for 2.3 s prior to transfer into the trapped ion cell for mass analysis. Spectral acquisition was performed in the continuous duty cycle mode whereby ions were accumulated in the hexapole ion reservoir simultaneously with ion detection in the trapped ion cell. Following a 1.2-ms transfer event, during which ions were transferred to the trapped ion cell, ions were subjected to a 1.6-ms chirp excitation corresponding to 500-8000 m/z (mass/ charge ratio). Data were acquired over an m/z range of 500-5000 (1 M data points over a 225-kHz bandwidth). Table 2) and all 11 pagA SNP alleles (Table 1) , which were also independently determined by electrophoretic-based analyses. Figure 1A includes an electrophoretic gel 
RESULTS
ESI-FTICR-MS analysis correctly identified all 24 VNTR alleles (
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image with size data for the 6 VNTR loci examined across 24 B. anthracis isolates. On the gel image, adjacent VNTR loci are labeled with different fluorophores, which allowed for separation among similar-sized products from different loci. In total, the 24 unique VNTR alleles sizes, as measured by GeneScan, ranged from 103-171 bp in length ( Table 2 ). The red box and zoom in Figure 1A indicate size data for 3 alleles from the pXO2 VNTR locus. Figure 1B gives an example of the corresponding data output from ESI-FTI-CR-MS analysis of these same 3 alleles, including size data and base pair composition. It is important to note that although the products illustrated in Figure  1B are labeled with a fluorescent moiety to accommodate fluorescent detection on an electrophoretic platform, ESI-FTICR-MS does not require labeled products. The deconvoluted monoisotopic molecular weights and corresponding base pair compositions ( Figure 2B ) accurately reflect the two base pair size differences among these three alleles and the known repeat structure of this locus ( Table 2, ±AT) . For all VNTR alleles, the sequence compositions determined by ESI-FTI-CR-MS were consistent with the size differences measured by GeneScan and predicted by the base composition of the repeat structures of the loci (Table 2) . Collectively, the 6 VNTR loci resolved the 24 B. anthracis isolates into 23 unique genotypes (data not shown). Figure 2 compares data output from the ABI Prism SNaPshot assay (Figure 2A ) and ESI-FTICR-MS analysis ( Figure 2B ) of 2 alleles in the pagA01 SNP locus. Both techniques provided unambiguous scoring of the twoallele states, however, unlike the SNaPshot assay, ESI-FTICR-MS also provides very precise measurements of the molecular mass of the different products. For all 11 SNP alleles, the base compositions determined by ESI-FTICR-MS analysis were consistent with SNaPshot single-base extension results.
DNA from one isolate did not support amplification of any of the pagA SNP loci or the VNTR pXO1 locus ( Figure  1A , isolate #3), indicating that the isolate was pXO1 negative. In total, the pagA SNPs resolved the 23 pXO1 positive B. anthracis isolates into 5 unique genotypes (data not shown).
The mass measurement accuracy of the 7 Tesla FTICR instrument (Apex 70e ESI-FTICR mass spectrometer; Bruker Daltonics) is generally better than 1.5 ppm when an internal mass standard is used to post-calibrate each spectrum. The monoisotopic molecular weights for each strand are derived by an "averagine-like" fitting routine (27) that fits the observed isotope envelope to the distribution expected for a DNA molecule of the approximate measured mass. For PCR products in this size range, an accurate molecular weight determination of an individual strand is insufficient for base composition determination. For example, there are 41 base compositions consistent with the nonadenylated forward-strand product in Figure 2B (molecular weight = 23617.875 Da) within a 1 ppm mass measurement uncertainty (±0.002 Da) and 20 base compositions consistent with the nonadenylated reverse-strand product (23802.066 ± 0.002 Da). Taking into account that the base compositions of the two strands are complementary, the list of putative base compositions can be culled, leaving only possibilities in which the base composition of the forward strand is complementary to that of the reverse strand. The use of Taq DNA polymerase somewhat complicates this situation because the individual strands are adenylated and are therefore, strictly speaking, not complementary. This situation is remedied by driving the mono-adenylation to completion, adjusting the measured molecular weights by the mass of an adenosine (313.0576 Da), and using the adjusted masses to calculate the base composition.
While Muddiman and coworkers (28) have shown several methods by which the nontemplated adenylation can be eliminated using alternative enzymes such as Pfu and kodakaraensis (KOD), we chose to use products generated under identical conditions (including fluorescently labeled primers) to allow a direct comparison of the two detection approaches. Consequently, the base compositions of the deconvoluted spectra shown in Figure 2B are annotated with "+A" to be consistent with the measured molecular weights. This precision allowed the unambiguous determination of the single change in base pair composition. ESI-FTICR-MS also characterized the products on both the forward and reverse strands, which provided two measurements for each SNP allele ( Figure 2B ).
DISCUSSION
Our results indicate that ESI-FTICR-MS is just as accurate as traditional, electrophoretic-based platforms in identifying alleles at VNTR and SNP loci in B. anthracis. Furthermore, ESI-FTICR-MS provides complete base composition of the VNTR and SNP products. This additional information will allow researchers to overcome several problems with the current methodologies. Although not illustrated in this study, we have observed that, in rare cases, some VNTR loci may have multiple repeat motifs. If one of the repeat motifs is a multiple of the other motif (e.g., 2 and 4 bp), they can produce alleles with identical sizes but different sequence compositions. These differences are indistinguishable using electrophoretic analyses and would be scored as the same allele. Through accurate base composition analysis, ESI-FTICR-MS could render these products distinguishable from one another, thereby increasing genetic resolution. While analyzing large, diverse strain collections of B. anthracis and genetic near-neighbors, we have observed that products may contain additional unexpected SNPs in close proximity to the target SNP. In these situations, single-base extension assays will not detect these additional sequence variants, which may interfere with the assay and lead to errors. However, because it interrogates the entire sequence of the product, ESI-FTICR-MS could accurately and reliably detect these sequence variants. Thus, ESI-FTICR-MS has the potential to characterize both VNTR and SNP loci more accurately than traditional electrophoretic-based methods.
In addition to potential increased accuracy, ESI-FTICR-MS provides several other advantages over traditional VNTR and SNP analysis platforms. (i) ESI-FTICR-MS does not require product labeling, so there is no need for expensive fluorescently labeled amplification primers for VNTR analysis. (ii) Other than a simple desalting step, there is no post-PCR processing of the reaction, which is required by single-base extension assays for SNP analysis. (iii) Analysis is rapid, and complete analysis of 96 samples requires approximately 96 min. (iv) Although ESI-FTICR-MS is currently only applicable to products less than 200 bp in size, multiple SNP and VNTR loci can be analyzed simultaneously, which promises to significantly increase the throughput of these analyses. Preliminary studies in our laboratory suggest that similar analyses can be performed on a low-cost bench-top ESI-TOF mass spectrometer; while not offering the same mass resolution as the FTICR platform, the mass accuracy of the ESI-TOF instrument (approximately 10 ppm) is sufficient to provide unambiguous base compositions for products less than 200 bp. Broad deployment of this genotyping protocol on an ESI-TOF-based system is an attractive alternative to ESI-FTICR because of the significantly smaller footprint and cost of the TOF instruments. Further validation studies are presently under way, which will be reported in detail elsewhere.
In conclusion, we have demonstrated that ESI-FTICR-MS is a potentially powerful method for high-throughput genotyping of B. anthracis. The use of ESI-FTICR-MS to simultaneously examine multiple genetic marker types represents an attractive alternative to traditional methods in terms of cost-effectiveness, efficacy, throughput, and information content. This technology will significantly advance the ability to accurately and rapidly identify and characterize isolates of B. anthracis and other pathogens.
